We have developed a stable ascorbate derivative, 2-O-a-Dglucopyranosyl-L-ascorbic acid (AA-2G), from ascorbic acid (AA) and maltose or other a-glucans by regioselective transglucosylation with a-glucosidase or cyclomaltodextrin glucanotransferase.
We have developed a stable ascorbate derivative, 2-O-a-Dglucopyranosyl-L-ascorbic acid (AA-2G), from ascorbic acid (AA) and maltose or other a-glucans by regioselective transglucosylation with a-glucosidase or cyclomaltodextrin glucanotransferase. [1] [2] [3] [4] This stable hydrophilic vitamin C derivative, which exhibits vitamin C activity in vivo after enzymatic hydrolysis to AA by a-glucosidase, 5, 6) has been accepted as a main skin care ingredient by the Japanese Government and is already available as a medical additive in commercial cosmetics.
Recently, we have succeeded in the chemical synthesis of a series of monoacylated AA-2G with efficient transdermal activity. 7) The monoacylated AA-2G derivatives were identified as 6-O-acyl-2-O-a-D-glucopyranosyl-L-ascorbic acid (6-Acyl-AA-2G). 6-Acyl-AA-2G was also synthesized by protease-catalyzed regioselective acylation in pyridine. 8) Some of them with an appropriate length acyl chain group had satisfactory stability in a neutral aqueous solution, 7) and then exhibited radical scavenging activity per se. 9) 6-Acyl-AA-2G was susceptible to enzymatic hydrolysis by mammalian tissue esterase and/or a-glucosidase to produce AA-2G and AA. 7, 10) In a previous paper, we indicated that AA-2G and 6-Acyl-AA-2G exhibit radical scavenging activity against 1,1-diphenyl-2-picrylhydrazyl (DPPH) as a reactive free radical. 9) But their abilities were lower than that of AA. We also found that the reaction of AA-2G or 6-Acyl-AA-2G with DPPH proceeded slowly over a long period, while that of AA was completed immediately after the mixing with DPPH (unpublished data). Thus, these results do not cover the entire radical scavenging potency of those compounds. Senba et al. emphasized that the ability of polyphenols to act as radical scavengers should be discussed mainly from two points: the reaction rate with radicals and the quantity of radicals quenched. 11) We were interested in investigating how many radicals are scavenged by the derivatives over a long-range period.
In this paper, we describe long-term radical scavenging activity against DPPH of AA-2G and 6-Acyl-AA-2G.
RESULTS AND DISCUSSION
The radical scavenging activity of AA and AA derivatives against DPPH was measured in 60% ethanol/40% water for 2 h, because we previously found that the reaction of AA-2G or 6-Acyl-AA-2G proceeded slowly (unpublished data). AA and its derivatives, as shown in Fig. 1 , were investigated. AA and ascorbyl 6-palmitate (6-Palm-AA) rapidly reacted with DPPH, and the reaction was completed in 10 min (Fig. 2) . In contrast, the reaction rates of AA-2G, 2-O-a-D-glucopyra- 
were very slow in comparison with that of AA, and the reaction proceeded continuously for 2 h. After 2 h, the quantity of radicals quenched was in the order of 6-Acyl-AA-2GмAAԼ6-Palm-AAмAA-2G.
Our previous finding, that the reactivity of AA-2G and 6-Acyl-AA-2G disappeared at neutral pH, 9) spurred an interest in the effect of pH on long-term radical scavenging activity. The effect in the pH range of 3 to 6 on the scavenging activity for 2 h was investigated by using AA, AA-2G and 6-Octa-AA-2G ( Table 1 ). The number of DPPH radicals scavenged by AA, AA-2G or 6-Octa-AA-2G is expressed as RSA (n). RSA (n) of 2-O-substituted AA derivatives such as AA-2G and 6-Octa-AA-2G was found to decrease sharply with an increase in pH, whereas the activity of AA was not appreciably changed. A remarkable difference of RSA (n) between AA and 2-O-substituted AA derivatives was observed at pH 6.0. This seemed to be caused by differences in the number and dissociation degree of hydroxyl groups required for radical scavenging.
In order to determine the end point of long-term scavenging activity, the time course of the scavenging reaction was carried out under a 60% ethanol/40% pH 3.0 buffer condition to avoid considering the dissociation of the hydroxyl groups (Fig. 3) . Rapid DPPH radical scavenging of AA-2G and 6-Octa-AA-2G was observed in the early stage of the reaction, after which the reaction slowed right down. The scavenging reaction seemed to terminate by 120 min, since the decrease in the absorbance due to AA-2G or 6-Octa-AA-2G was parallel to that of the control after 120 min. The decolorization rate by AA-2G and 6-Octa-AA-2G was different from the results in Fig. 2 . The quantity of radicals quenched was also increased. In contrast, the reaction of AA was completed in a short time, and the quantity of radicals quenched by AA did not change. The results are similar to those of the pH-dependent radical scavenging activity shown in Table 1 . The quantity of radicals quenched was in the order of 6-Octa-AA-2GԼAA-2GϾ ϾAA.
RSA (n) values of AA and its derivatives were determined in 60% ethanol/40% pH 3.0 buffer for 2 h (Fig. 4) . One molecule of AA or 6-Palm-AA scavenged two molecules of DPPH radicals. AA possesses two reactive hydroxyl groups at the C-2 and C-3 positions.
12) The result was consistent with the number of hydroxyl groups which can quench radicals by releasing hydrogen radicals. However, one molecule of AA-2G, 6-Octa-AA-2G, 6-Dode-AA-2G or 6-Palm-AA-2G scavenged approximately three molecules of DPPH radicals, although the 2-O-substituted AA derivatives possess only one reactive hydroxyl group in the molecule. After the measurement, the remaining amounts of AA and its derivatives were immediately analyzed by HPLC. A small amount (4-5%) of AA-2G was observed after 2 h, but none remained of the others. The results indicated that AA or its derivatives were nearly depleted for the radical scavenging. No differences in RSA (n) between AA and 6-Palm-AA, or between AA-2G and 6-Palm-AA-2G, suggested that the enhanced radical scavenging activity can be ascribed to the bond at the C-2 position of AA. These findings contain the contradiction that the decrease in the reactive hydroxyl group is responsible for the increase in RSA (n). This problem may be solved by the idea of DPPH adduct formation and/or dimerization being a possible secondary reaction between phenolic compounds and DPPH. 11, 13) Abe et al. reported that a 2-pyrone with one hydroxyl group scavenged about 1.5-1.8 eq of DPPH radicals in organic solvents, and about 3.5- The reaction mixture contained AA or AA derivatives (20 mM) and DPPH (100 mM) in 60% ethanol/40% pH 3.0 buffer. The reaction was carried out under an atmosphere of argon at 25°C for 2 h. The number of DPPH radicals scavenged by an AA or AA derivative is expressed as RSA (n). Each value represents the meanϮS.D. (nϭ6). The statistical significance of differences in the mean of each data was calculated with Student's t-test. * pϽ0.001 as compared with AA. The reaction mixture contained AA or AA derivatives (20 mM) and DPPH (100 mM) in 5.0 ml of 60% ethanol/40% 10 mM citric acid-sodium citrate buffer (pH 3.0-6.0). The reaction was carried out under an atmosphere of argon at 25°C for 2 h. The number of DPPH radicals scavenged by an AA or AA derivative is expressed as RSA (n). MeansϮS.D. of three separate experiments are shown. The statistical significance of differences in the mean of each data was calculated with Student's t-test. * pϽ0.001 as compared with AA.
3.9 in an acetate buffer.
14) The reaction was found to proceed via DPPH adduct formation. In fact, we observed some unidentified peaks in the reaction mixture of AA-2G or 6-Acyl-AA-2G by HPLC analysis and found a DPPH adduct by liquid chromatography-mass spectrometry analysis (data not shown). In the reaction mixture of AA, however, no DPPH adduct was observed. These results suggested that AA-2G and 6-Acyl-AA-2G each donated a hydrogen atom from the hydroxyl group at the C-3 position of AA to the DPPH radical, the resulting AA-2G and 6-Acyl-AA-2G radicals reacted with another DPPH radical to yield each DPPH adduct, and further reaction progressed in an unknown pathway.
It was found that AA-2G and 6-Acyl-AA-2G had longterm radical scavenging activity against DPPH under an acidic condition, and that the quantity of radicals quenched by AA-2G and 6-Acyl-AA-2G was superior to that of AA. For elucidation of in vitro and in vivo radical scavenging activity of these 2-O-substituted AA derivatives, further studies on the reaction mechanism, absorption and metabolism are required.
MATERIALS AND METHODS
Chemicals 6-Palm-AA and DPPH were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). AA was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). AA-2G was a gift from Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan). 6-Octa-AA-2G, 6-Dode-AA-2G and 6-Palm-AA-2G were synthesized with AA-2G and each acid anhydride in pyridine. The products were purified by recrystallization as described previously.
7)
Radical Scavenging Activity Radical scavenging activity of AA and AA derivatives against a relatively stable free radical, DPPH, was assayed by modification of the method of Senba et al. 11) An ethanol solution (25 mM, 4 ml) of AA or AA derivatives dissolved in a mixture of ethanol/water or 10 mM citric acid-sodium citrate buffer (pH 3.0-6.0), 1/1, was added to 1 ml of 0.5 mM DPPH in ethanol. The solution was placed in a shading tube, and the end of the tube was sealed under a stream of argon. After vigorous mixing, the mixture was incubated for the indicated times at 25°C. The radical scavenging activity (RSA) of each antioxidant was quantified by the decolorization of DPPH at 516 nm on a Shimadzu UV-1200 spectrophotometer. The number of DPPH radicals scavenged by an AA or AA derivative was calculated by the following equation.
